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design and fabrication of photonic crystals'2. These periodically

structured dielectricmaterialscan represent the opticalanalogue of
semiconductor crystals, and provide a novel platform for the realization
of integrated photonics. Despite intensive efforts, inexpensive
fabrication techniques for large-scale three-dimensional photonic
crystalsof high enough quality, with photonic bandgapsat near-infrared
frequencies, and built-in functional elements for telecommunication
applications, have been elusive. Direct laser writing by multiphoton
polymerization® of a photoresist has emerged as a technique for the
rapid, cheap and flexible fabrication of nanostructures for photonics.
In 1999, so-called layer-by-layer* or woodpile photonic crystals were
fabricated withafundamental stop band at 3.9 um wavelength®. In 2002,
acorresponding 1.9 um was achieved®, but the important face-centred-
cubic (f.c.c.) symmetry was abandoned. Importantly, fundamental stop
bands or photonic bandgaps at telecommunication wavelengths have
not been demonstrated. In this letter, we report the fabrication—
through direct laser writing—and detailed characterization of high-
quality large-scale f.c.c. layer-by-layer structures, with fundamental stop
bandsrangingfrom1.3to 1.7 um.

Since the introduction of the concept of three-dimensional (3D)
photonic crystals (PCs) and photonic bandgap (PBG) materials,
scientists have dreamed of realizing photonic circuits in analogy to
semiconductor electronics. This poses a major technological challenge
for nanofabrication. On the one hand, for telecommunication
applications, PCswith lattice constants of the order of several hundreds
of nanometres have to be realized with sub-10-nm precision. On the
other hand, the complete structures have to cover substantial fractions
of a square millimetre or more to accommodate a photonic circuit.
Moreover, the dielectric used has to have a large refractive index to open
aPBG. Different approaches have been used to tackle this challenge.

Large PBGs (theoretically up to 25% of the centre frequency for
silicon”) can be realized with PCs exhibiting diamond symmetry.

T he past decade haswitnessed intensive research effortsrelated to the
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Figure 1 Three-dimensional photonic crystals fabricated by DLW. a, Layer-by-layer
structure with 40 layers and a massive wall that prevents bending and reduces distortions
due to polymer shrinkage during polymerization, completely fabricated by DLW. b, Side and
¢, top view of a different broken sample with 12 layers, illustrating the sample quality
obtained with the DLW process.
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Figure 2 Examples of different lattice constants. a, The panorama view of a sample with
rod spacing a=0.65 um reveals the large-scale periodicity of our samples, whereas close-
ups for samples with different rod spacings exhibit the small-scale fabrication accuracy:
b,a=1.5um,c,a=1.0um,d,a=0.8 um,and e,a=0.65 um.Forall samples (c/a)?=2.

In particular, the layer-by-layer structure is amenable to
microfabrication techniques, and PBGs at infrared frequencies have
been realized through combinations of advanced planar semiconductor
microstructuring techniques for individual layers with sophisticated
alignment and stacking procedures to combine different layers into 3D
PCs1°, These technologically very demanding approaches offer the
incorporation of functional elements through controlled modifications
in individual layers. However, to date, successful stacking has been
reported for a few layers only. This rather limited size leads to a strong
coupling between the guiding modes required for the operation of
functional elements embedded in these PCs to the leaky modes of the
material surrounding the PC structure. As a result, the performance of
these functional elements is compromised. Therefore, researchers have
recently pursued the infilling of high-index materials into template
structures. Two possibilities to fabricate such templates have been
discussed. (1) Self-assembly of colloidal particles: The fabrication and
infiltration of opal-type templates by self-assembly has successfully
been demonstrated'**2. However, the self-organising nature of this
assembly process almost inevitably leads to the formation of unwanted
defects, such as missing particles (cavities), dislocations (grain
boundaries) and so on. The resulting PCs exhibit f.c.c. symmetry and
possess relatively small PBGs (theoretically up to 9% of the centre
frequency for silicon inverse opals®), which are rather susceptible
to surface roughness and other fabrication tolerances. (2)
Nanolithography of photoresists: Two complementary and compatible
techniques, namely holographic lithography and direct laser writing
(DLW), can deliver photoresist templates. Holographic lithography is
capable of providing defect-free films with thicknesses of several tens of
unit cells and lateral extents of several square millimetres, and offers a
tremendous flexibility in tailoring the interior of the unit cell*®,
Provided that the same photoresist is used, functional elements such as
waveguides and micro-cavities can be inscribed in a second exposure
step by DLW. Alternatively, also complete PCs can be written by DLW.
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Figure 3 Optical transmission spectra of samples with different in-plane rod
spacings. Transmission spectra of three different layer-by-layer samples with in-plane rod
spacings of a= 1.0 um (solid line),a = 0.9 um (dotted line),and a = 0.8 um (dashed line).

In DLW by multiphoton polymerization, a photoresist is
illuminated by laser light at a frequency below the single-photon
polymerization threshold of the resist. When this laser light is tightly
focused inside the photoresist, the light intensity inside a small volume
(the focus) may exceed the threshold for initiating multiphoton
polymerization. The size and shape of these so-called voxels depend on
the iso-intensity surfaces of the microscope objective, and the exposure
threshold for multiphoton processes of the photosensitive medium.
To date, lateral voxel sizes down to 120 nm for illumination at a
wavelength of 780 nm have been reported?.

A key part of our work is that we use the commercially available
thick-film negative photoresist SU-8 inthe DLW process (see Methods).
This allows SU-8-based holographic lithography techniques to be
combined with the DLW approach. This compatibility of holographic
lithography and DLW is crucial when realizing large-scale PC
circuits, and is facilitated by the cationic polymerization mechanism of
SU-8, in which monomers do not directly polymerize after exposure.
Therefore, the difference in refractive indices of exposed and unexposed
regions of the resist are negligible, and structures that have already been
exposed do not affect further exposure steps. In addition, SU-8 remains
solid during the writing process. This eases the sample handling and
provides the flexibility needed for realizing complex, physically
disconnected functional elements such as coupled cavity/waveguide
systems. As a result, when working with SU-8, DLW may be added as a
second exposure step to the holographic lithography process, and may
be studied and optimized independently.

Owing to its geometrical simplicity, the layer-by-layer PCs we
fabricate represent ideal test structures for DLW. They consist of stacks
of parallel rods with period a. These rods are built up from joining
individual voxels that are each exposed by a single laser pulse, such that
therod cross-section is determined by the shape of these voxels. For laser
light of 800 nm wavelength and amicroscope objective withanumerical
aperture of 1.4, we expect a near-elliptical cross-section with an aspect
ratio (axial diameter/lateral diameter) of about 2.7. The absolute
dimension of the voxels can be adjusted through the single pulse energy
of the laser light, with higher energy leading to larger voxels. Rods in
successive layers are rotated by an angle 6 relative to each other. In our
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Figure 4 Comparison of experiment and simulation. Transmission (solid curves) and
reflection (dashed curves) spectra from experiment (black) and theory (grey). The rod
spacingisa=1.0 um (solid line in Fig. 3) and (c/a)? = 2. Note the good overall agreement.

experiment, 6=90° but, in general, could vary between 60-90° and still
produce a PBG after infiltration*®. Second nearest-neighbour layers are
displaced by a/2 relative to each other. Four layers forma lattice constant .
For (c/a)? = 2, this 3D lattice exhibits an f.c.c. unit cell with a two-rod
basis and can be derived from a diamond lattice by replacing the (110)
chains of lattice points with rods*. For our parameters, the lateral rod
diameters are typically in the range of 180 nm to 250 nm. Figure 1a
shows a scanning electron microscope (SEM) image of a typical sample
consisting of 40 layers with an in-plane rod distance of a = 0.8 um and
(c/a)> = 2. The fabrication time for this lattice was approximately
25 minutes. A massive wall has been written around the PC by the same
technique toavoid sample bending due to polymer shrinkage during the
development process. Furthermore, lattice distortions, which would
otherwise strongly influence the entire sample, are limited to the very
borderzones.One getsafeeling for theenormousstrain by lookingatthe
bowing of the wall, for example, visible on the left side. Without such
walls, thisstresswould largely deteriorate the quality of the PC template.
Figure 1band care SEM images of the edge and top of adifferentbroken
sample that show the elliptical rod cross-section and the layer-by-layer
stacking sequence, revealing the quality of our samples.

With the flexibility of the DLW approach, we can fabricate a wide
variety of lattice parameters and filling fractions. Figure 2 gives an
overview over several samples that we have fabricated. Thein-plane rod
distances here range from 1.5 um to 0.65 um. In the close-ups at the
bottom, a remaining roughness of the order of 10 nm is visible.
The same roughness is also apparent from our SU-8 templates
fabricated by holographic lithography?®. This clearly indicates that this
roughness is not due to the fabrication process but rather stems from
the finite resolution of the photoresist.

To move the fundamental PBGs to wavelengths in the
telecommunication regime of 1.5 umand 1.3 um, itis necessary to have
an in-plane rod spacing of the order of 1 um and smaller. Therefore, we
prepared samples with rod spacing of 1.0 um, 0.9 um and 0.8 um,
all samples with 24 layers and (c/a)> = 2. The sample area of
100 wm x 100 um is sufficiently large for optical spectroscopy as well as
for potential devices. It is clear that the midgap wavelength will move
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Figure 5 Angular dependence of photonic-crystal transmission. Simulated
transmission spectra for three different angles of incidence. Normal incidence (solid curve),
20° (dotted curve) and 30° (dashed curve). The other parameters correspond to Fig. 4.

towards longer wavelengths after infiltration of the template by a
high-index material (for example, silicon). More precisely, band-
structure calculations'¢showthat the maximumgap-to-midgap ratio at
1.5-um midgap wavelength is achieved for a rod width of 200 nmand a
siliconrodspacingofa=0.72um,correspondingtoasiliconfilling ratio
of 28%.\We have also successfully fabricated sampleswitha=0.5umand
(c/a)? = 2. However, at this point, the rods start to touch each other,
leading to an undesirably large filling fraction. This could, in principle,
be compensated for by reducing the laser pulse energy during exposure,
but this makes the process more susceptible with respect to fluctuations
of the laser. Also, the resolution of SU-8 plays an important role, as rod
diameters of the order of 100 nm are produced—a size that starts to
become comparable with the roughness already mentioned above.
This problem could be overcome by reducing the rod diameter, hence
the filling fraction, after the development process by etching in an
oxygen plasma (G. von Freymann, et al. unpublished work).

Figure 3showsthe measured transmission spectra for three different
samples with a = 1.0, 0.9 and 0.8 um and an estimated SU-8 filling
fraction of about 35% in each case. The corresponding fundamental stop
bands are clearly visible as pronounced dips in transmission and shift
from 1.7 um, to 1.5 um, and then to 1.3 um. Higher-order stop bands are
alsoobserved (notshown). Inindependentexperimentson polymerized
bulk SU-8filmsof comparable thickness, we observeatransmission close
to 100% throughout the entire wavelength range shown in Fig. 3.
This indicates that none of the spectral features shown can be attributed
toabsorption effects in the polymer.

Figure 4 shows both transmission and reflection spectra (black
curves) for the sample with a rod spacing a=1.0 um (corresponding to
the solid curve in Fig. 3). We now compare these measurements with
theory (grey curves). The agreement between the two can be regarded as
ameasure of the quality of our structures. To make this comparison as
directas possible, we actually account for the elliptical shape of the rods,
for example, visible in Fig. 1, through an appropriate discretization.
The surface roughness of the rods leads to scattering. This is accounted
for by phenomenologically introducing a complex index of refraction
(see Methods). The overall agreement between simulations and

3

©2004 Nature Publishing Group



LETTERS

measurements is very good and almost quantitative. This, together with
a sufficiently low value of the imaginary part of the index of refraction
underlines the very high optical quality of our samples. To further
appreciate the level of agreement, and to investigate the remaining
minor deviations in detail, we consider in Fig.5 the influence of
different angles of incidence in the simulations (unpolarized light).
Asuperposition of different angles would mimic the peculiarities of the
actual measurement (see Methods), which does not use incident plane
waves but rather uses a Cassegrain objective with numerical aperture of
0.5, corresponding to 30° opening angle. An angle of 30° in the
transmission data of Fig. 5 even reproduces the small features on the
short-wavelength side of the fundamental stop band. A yet more
detailed comparison of experiment and simulation in Fig. 4 shows that
the experimental transmission is larger than the theoretical one on the
long-wavelength side of the fundamental stop band. This indicates that
the description of scattering losses in terms of a frequency-independent
imaginary part of the refractive index has its limitations. Actually, one
would have to account for the nano-roughness on a 10-nm scale.

We currently envision inverting these 3D PC templates by a two-
step process: In afirst step, the templates would be infiltrated with SiO,,
followed by subsequent removal of the SU-8. Inasecond inversion step,
silicon would be infiltrated and the SiO, etched away. This would result
in a positive replica of the polymer template. Under these conditions,
the lattice constants achieved allow for complete PBGs near
telecommunication wavelengths. The combination with holographic
lithography facilitates the rapid, flexible and cheap fabrication of 3D
PCs, aswell as the controlled incorporation of defects and waveguides.

METHODS

The commercially available photoresist SU-8 (MicroChem) consists of an octafunctional epoxy resin
(EPON SU-8), a photoinitiator (mixed triarylsulphonium/hexafluoroantimonate salt in propylene
carbonate solvent), both dissolved in gamma-butyrolactone (GBL). On irradiation by near-ultraviolet
light (350-400 nm), the photoinitiator generates an acid with a spatial concentration that is an image of
the irradiation dose. In a post-exposure bake, the latent image is converted into a crosslinking density by a
chain reaction. The crosslinking degree determines the solubility in the ‘developing’ solvent. GBL or
another appropriate solvent is used in this step. Thus, sufficiently illuminated resin remains (‘negative’
photoresist) whereas the underexposed resin is washed out. For our experiments, photoresist samples are
prepared by spin-coating SU-8 films on microscope cover slides. After evaporation of the solventina
soft-bake step at 65 °C, a 20-um-thick film results. To write PC structures into these films, we use a
regeneratively amplified Ti:sapphire laser system (Spectra Physics Hurricane) with a pulse duration of
120 fs. The repetition rate can be computer controlled from 1 kHz to single shot mode. The wavelength is
tuned to 800 nm, where the one-photon absorption of the photoresist is negligible. The output beam is
attenuated by a half-wave plate/polarizer combination, and after beam expansion, typically a few tens of
nanojoules of single pulse energy are coupled into an inverted microscope (Leica). There, the
femtosecond pulses are focused into the photoresist sample by a x100 oil immersion objective (Leica,
numerical aperture of 1.4). The sample is placed on a three-axis piezoelectric scanning stage (Physik
Instrumente), which is operated in closed loop and provides a resolution of better than 5 nm at a full
scanning range of 200 um x 200 um x 20 um. A personal computer controls the scanning operation of
the piezo and synchronizes its movement with the output of the laser system. After DLW of the
preprogrammed pattern, the exposed sample is post-baked with a temperature ramp from 65 to 95 °C for
six minutes, and developed for one hour in the SU-8 developer, resulting in a positive image of the
scanned pattern.

Transmission and reflection spectra are measured with a Fourier-transform infrared spectrometer
(Bruker Equinox 55, NIR halogen source) combined with an infrared microscope (Bruker Hyperion
2000, x36 Cassegrain objectives, numerical aperture of 0.5, liquid-N,-cooled InSh detector). The samples
are aligned with their surfaces perpendicular to the optical axis, which corresponds to the I'-X direction

for f.c.c. symmetry. A circular area with 50 um diameter is defined by an aperture in the light path of the
microscope. The transmission and reflection spectra are normalized to the bare cover slide and asilver
mirror, respectively.

We calculate the transmission and reflection spectra from the finite structure using a scattering-
matrix technique developed by Whittaker and Culshaw*’, but modified using the suggestions of Li* to
account more effectively for the complex index of refraction (n). In these scattering-matrix calculations,
we account for the light scattering originating from surface roughness by a phenomenological imaginary
part of the index of refraction. On this level of description, the imaginary part can be added either to the
refractive index of SU-8 or to that of air. We have performed calculations for both choices leading to
closely similar results. We obtain the best match to the experiment for ng, ;= 1.56 and n,;, = 1.0 + i0.006
(see Figs 4 and 5) or, alternatively, for ng, 3= 1.56 +i0.009, where i is the imaginary unit, and n,;, = 1.0
(notshown). The lack of a significant difference between the two choices results from the fact that the
modes are not well localized either in the dielectric material or in air.
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